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Abstract
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Radial glial cells are presumptive neural stem cells (NSCs) in the developing nervous system. The
direct requirement of radial glia for the generation of a diverse array of neuronal and glial
subtypes, however, has not been tested. We employed two novel transgenic zebrafish lines and
endogenous markers of NSCs and radial glia to show for the first time that radial glia are essential
for neurogenesis during development. By using the gfap promoter to drive expression of nuclear
localized mCherry we discerned two distinct radial glial-derived cell types: a major nestin+/Sox2+
subtype with strong gfap promoter activity and a minor Sox2+ subtype lacking this activity. Fate
mapping studies in this line indicate that gfap+ radial glia generate later-born CoSA interneurons,
secondary motorneurons, and oligodendroglia. In another transgenic line using the gfap promoterdriven expression of the nitroreductase enzyme, we induced cell autonomous ablation of gfap+
radial glia and observed a reduction in their specific derived lineages, but not Blbp+ and Sox2+/
gfap-negative NSCs, which were retained and expanded at later larval stages. Moreover, we
provide evidence supporting classical roles of radial glial in axon patterning, blood–brain barrier
formation, and locomotion. Our results suggest that gfap+ radial glia represent the major NSC
during late neurogenesis for specific lineages, and possess diverse roles to sustain the structure and
function of the spinal cord. These new tools will both corroborate the predicted roles of astroglia
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and reveal novel roles related to development, physiology, and regeneration in the vertebrate
nervous system.
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Introduction
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The precise number and type of neuronal and glial cells that make up the central nervous
system (CNS) is produced through the regulation of stem/progenitor cell division and
differentiation. In accepted view, the earliest neural stem cells (NSCs) in the embryo
comprise a mixed population of neuroepithelial cells, radial glial cells, and other progenitor
cells that together generate the diverse progenies in the vertebrate nervous system (Paridaen
and Huttner, 2014). Unfortunately, we still lack a basic understanding of the heterogeneity
within these early NSC populations and the specific lineages that distinct subtypes of NSCs
may contribute to.
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After producing the first neurons, neuroepithelial cells transition into radial glial cells, which
have been suggested to act as the predominant NSC for the majority of embryonic and fetal
brain development. While radial glial cells are not retained in the adult mammalian brain,
NSCs are present and retain many of the cellular and molecular hallmarks of the original
radial glial cell (Kim et al., 2008b; Malatesta et al., 2000; Noctor et al., 2001; reviewed in
Kriegstein and Alvarez-Buylla, 2009). Although a stem/progenitor role has been more
recently accepted, radial glia are classically known for their proposed structural roles
supporting neuronal migration during cerebellar cortex development (Bentivoglio and
Mazzarello, 1999), guiding axons in the forebrain (Barresi et al., 2005; Barry and
McDermott, 2005; Barry et al., 2013; Marcus and Easter, 1995; Shu and Richards, 2001;
Shu et al., 2003), and interacting with endothelial cells of the developing vasculature to
establish the blood–brain barrier (BBB) (Barry et al., 2014; McCarty, 2005; McCarty et al.,
2005; Noctor et al., 2001). Although these roles of radial glia are generally recognized,
surprisingly little evidence exists to demonstrate that radial glia are directly required for
these and other processes during CNS development and function.

Author Manuscript

In an effort to investigate the role of radial glia as NSCs during embryogenesis, we
previously showed that mitotic arrest of radial glia impairs development of specific neural
and glia cell fates. Loss of the kinesin motor protein kif11 resulted in significant mitotic
delays and subsequent cell death in the Gfap+ radial glial population (Johnson et al., 2014),
which led to reduced generation of later-born CoSA interneurons, secondary motorneurons,
and oligodendroglial populations while the number of early-born neurons was not affected.
Although these indirect results suggest that proper radial glial division and survival is
necessary for normal neurogenesis, it did not preclude the possibility that other kif11dependent progenitor populations may also contribute to the development of these cell types.
To directly assess the contributions and functions of radial glia during neural development,
we generated two novel transgenic lines that utilize the zebrafish gfap regulatory elements to
Glia. Author manuscript; available in PMC 2017 January 01.
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broadly label or ablate the radial glial population. First, using a nuclear gfap transgenic line
and endogenous radial glia markers, we distinguish two cycling radial glia populations that
express NSC markers: individual gfap+ radial glial cells within the spinal cord that
coexpress nestin, Blbp, and Sox2 as well as a small population of Sox2+/gfap-negative cells
(Sox2+ only cells). Through fate mapping, we show that subsets of interneurons, secondary
motorneurons, and oligodendroglia originate from Gfap+ radial glia to support the
hypothesis that Gfap+ radial glia act as a progenitor population during CNS development.
Second, we show that genetic ablation of radial glia using the nitroreductase enzyme under
control of gfap resulted in significant loss of the gfap+/nestin+/Sox2+ NSC population as
well as later-born neurons and glia, which could not be compensated for by other progenitor
populations. However, as this ablation stimulated residual Sox2+/gfap-negative NSCs to
proliferate during early larval stages, these progenitor cells appear competent to respond to
ablation. Further, we show that ablation of radial glia leads to brain hemorrhaging,
disruptions in the organization of lateral axon tracts, and progressive abnormalities in touch
responses and coordinated locomotion, providing direct evidence supporting the classical
roles of radial glia. Collectively, these results aim to conclusively demonstrate the function
of radial glia as the major postembryonic NSC, as well as exemplify a diversity of critical
roles throughout neural development.

Author Manuscript

Materials and Methods
Zebrafish
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Unless otherwise noted, all stages of zebrafish were maintained under a 12-h light–dark
cycle at 28°C in the Smith College Zebrafish Facility as per IACUC and AALAC regulations
(Westerfield, 2007; Zebrafish International Resource Center, ZIRC). Breeding adults were
fed once with live Artemia and once with Gemma micro 300 (Skretting) per day. Embryos
were maintained in E3 embryo medium (Westerfield, 2007). Water chemistry was
maintained at 1300 μS and a pH of 7.2. The following genetic strains were used: wild type
(AB* and TU) (ZIRC and provided by Christian Lawrence, BWH), tg(gfap:GFPmi2001)
(ZIRC), tg(mnx1:eGFP) (provided by Richard Dorsky), tg(gata2:eGFP) (provided by Shou
Lin), tg(olig2: eGFP) (provided by Bruce Appel) tg(mpeg:eGFP) (Ellett et al., 2011), and
tg(pU1:eGFP) (Peri and Nusslein-Volhard, 2008).
Generation of Transgenic Zebrafish Lines

Author Manuscript

All plasmid DNAs were microinjected at a concentration of 50 ng/μL in combination with
Tol2 transposase mRNA at the one-cell stage (Kawakami, 2004). To generate the gfap:nlsmCherry construct, a short fragment of the original zebrafish gfap promoter comprising
intron1-promoter-exon1 but lacking the endogenous ATG at bp-8123 (Bernardos and
Raymond, 2006) was used to insert in the Tol2 transposon and Gateway cloning system
(Kawakami, 2004). As a first step, the gfap promoter fragment was subcloned into the 5′
p5E clone (p5E-gfap) of the gateway system. To build a construct for nuclear localized
cherry expression driven by gfap, the p5E-gfap was recombined with pME-nlsmCherry. F4
progeny from one stable allele [tg(gfap:nls-mCherrysc032)] was used in these studies.

Glia. Author manuscript; available in PMC 2017 January 01.
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To generate the gfap:nfsb-mCherry construct, the Escherichia coli gene nfsB was amplified
and cloned into T2KXIGDIN and subsequently subcloned in frame with mCherry on the C
terminus of NTR as previously described (Pisharath et al., 2007). The 7.4 kb gfap promoter
was PCR amplified with the inclusion of BamH1 and Nco1 restriction sites, which were
used to replace Ins in the Ins:nfsB-mCherry construct (Bernardos and Raymond, 2006;
Pisharath et al., 2007). Two alleles were retained, tg(gfap:nfsB-mCherrysc059) and
tg(gfap:nfsB-mCherrysc129). F5 and F6 progeny from the respective lines were used in the
drug ablation studies.
Metronidazole Treatments

Author Manuscript

Metronidazole (Mtz) treatments were largely conducted as previously described (Pisharath
and Parsons, 2009). Working solutions of 10 mM Metronidazole (Mtz, Sigma M3761) were
prepared in E3 media containing 0.2% dimethyl sulfoxide (DMSO). Treatment began at 8
hpf on dechorionated embryos incubated at 28.5°C in either Mtz or vehicle control
consisting of 0.2% DMSO in E3 media. To prevent light-induced degradation of Mtz, all
vehicle and Mtz-treated embryos were protected from light until the endpoint stage was
reached (Curado et al., 2007; Pisharath et al., 2007).
Live Imaging of Annexin-V Expression

Author Manuscript

Annexin-V expression was used to visualize apoptosis in vivo following induction of
astroglial cell death. tg(gfap:nfsb-mCherry)sc129 embryos were injected at the one-cell stage
with UAS-SecA5-YFP and pCH-TBP-G4m constructs each at 20 ng/μL (van Ham et al.,
2010). Injected tg(gfap:nfsb-mCherry)sc129 embryos were then treated with control or Mtz
solutions at 8 hpf as described above. At 28 hpf, all embryos were anaesthetized with 1,200
ppm clove oil dissolved in fresh Mtz or control solutions and mounted in 0.75% agarose on a
3.5-cm glass-bottom culture dish for lateral viewing of the spinal cord (MatTek, Ashland,
MA). Time-lapse recordings were conducted on the Leica SP5 laser scanning confocal
microscope. Z-stacks were obtained every 8′ for 10 h with an optical sectioning thickness of
0.55 μm using a 63× water immersion objective, and movies were processed with Volocity.
Consistency of Annexin-V expression across all injected embryos was verified by imaging
10 embryos per treatment group using a Zeiss Lumar V12 stereomicroscope every hour of
the time-lapse period.
Locomotor Analysis

Author Manuscript

To characterize swimming behavior following ablation, touch-induced motor responses by
gfap:nfsb-mCherry embryos incubated in either E3, vehicle control (DMSO), or Mtz were
recorded at 24 and 48 hpf. A light touch stimulus was applied to the head region using a
3.22/0.16 g of force von Frey filament. Touch responsiveness was analyzed by measuring the
percentage of times each embryo or larvae generated a motor response over five trials.
Locomotor responses were captured using a Fastec Imaging high-speed camera recording at
500 frames per second. Body angle, angular velocity, linear velocity, and response duration
were calculated using FishTail, a semiautomated program created in the Downes lab
(Friedrich et al., 2012; McKeown et al., 2012). Selected videos of 48 hpf responses from
each condition were edited for clarity in Image J. To generate rainbow overlays, individual
frames from each selected video were imported into Adobe Illustrator and the body positions
Glia. Author manuscript; available in PMC 2017 January 01.
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of the larvae were traced. The zero time point for each video is defined as the frame
preceding that in which movement is first detected.
BrdU Treatments
For proliferation assays using the gfap:nls-mCherry line, embryos were incubated in 10 mM
5′-bromo-2-deoxyuridine (BrdU, Sigma, catalog no: B9285) diluted in E3 on ice for 20 min,
then incubated for the next 24 h in E3 at 28.5°C before fixing. For proliferation assays
during ablation, embryos were incubated in either vehicle control or 10 mM Mtz until 24,
48, 72, or 96 hpf. Embryos were then treated with 10 mM BrdU diluted in either vehicle
control or Mtz solution on ice for 20 min, then incubated at 28.5°C for 5 min just prior to
fixing.
Immunofluorescence

Author Manuscript

Embryos were fixed in 4% formaldehyde in phosphate buffer (PB) for 2 h at room
temperature or overnight at 4°C. For interneuron and sensory neuron staining, embryos were
fixed in a solution of 4% formaldehyde, 0.05% glutaraldehyde, 5 mM EGTA, 5 mM MgSO4,
and 0.1% Triton-X in PB for 1 h at room temperature (Dekens et al., 2003). Whole mount or
section immunofluorescence was conducted as previously described (Johnson et al., 2014).
Tissue sections were collected at 0.14 μm with a Leica cryostat. Primary antibodies used
include rabbit anti-Gfap (1:500, Dako), mouse anti-Zrf1 (Gfap; 1:100, ZIRC), rabbit antiSox2 (1:500, Abcam), rabbit anti-Blbp (1:300, Millipore, ABN14), rabbit anti-GFP (1:300,
Invitrogen), rabbit anti-activated caspase-3 (1:500, BD Pharmingen), mouse anti-acetylated
tubulin (AT; 1:800, Sigma), rat anti-BrdU (1:100, AbD Serotec), rabbit anti-GABA (1:1000,
Sigma), and mouse anti-Islet-1 (39.4D5, 1:200, DSHB). Nuclei were visualized in sectioned
tissue with Hoechst stain (1:30,000, Invitrogen).

Author Manuscript

Imaging and Quantification
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Measurements of mCherry expression over time were conducted on live embryos using a
Zeiss Lumar V12 stereomicroscope. Images of fixed tissue were acquired with an
AxioImager Z1 with Apotome (Zeiss), and Z-stacks were collected with an optical
sectioning thickness of 0.53 μm at 40× (for whole mount tissue) or 0.31 μm at 63× (for
sections) and processed using Zen software (Zeiss). For fate mapping, cell populations
retaining nuclear mCherry fluorescence were manually quantified in single optical slices.
Levels of exposure time, gain, and any alterations to intensity levels during acquisition and
processing of mCherry fluorescence were kept constant for all samples compared. Lateral
acquisitions of neuronal and glial populations were quantified as previously described
(Johnson et al., 2014). BrdU+ nuclei were averaged from images of three nonconsecutive
sections per embryo, and the mean number of BrdU+ nuclei was determined per time point
and condition. We differentiated elongated or nonelongated BrdU+ nuclei morphologies by
measuring nuclear volume using Volocity. All quantitative results are displayed as the mean
± standard error of the mean, with p values generated from unpaired t-tests assuming equal
variance at a significance level of 0.05.
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Results
Gfap-Driven Nuclear Localized Expression of mCherry Labels Spinal Cord Radial Glia
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To investigate radial glial development with quantitative power, we created a new gfap:nlsmCherry transgenic line by using the 7.4 kb regulatory region of the zebrafish glial fibrillary
acidic protein (gfap) gene (Bernardos and Raymond, 2006) to drive expression of nuclear
localized mCherry. Gfap is an intermediate filament protein widely accepted as the most
comprehensive marker for astroglial cell types including radial glia (Bignami and Dahl,
1977; Zhang, 2001). Initially, we detected faint nuclear expression of mCherry at 10 hpf,
which subsequently increased in intensity within neural tissues by 24 hpf (Supp. Info. Fig.
1A–C′). Crossing gfap:nls-mCherry with the original gfap:gfp line (Bernardos and
Raymond, 2006), we identified double-positive GFP/mCherry+ radial glial cells throughout
the spinal cord from embryogenesis to adulthood (Supp. Info. Fig. 1D–F) (Bernardos and
Raymond, 2006). Furthermore, retention of nuclear mCherry specifically within radial glia
was determined by labeling cross sections of gfap:nls-mCherry embryos for the radial glial
markers anti-Gfap (to illuminate radial glial morphology) and anti-Blbp (brain lipid binding
protein (Barry and McDermott, 2005; Feng et al., 1994; Hartfuss et al., 2001). Consistent
with radial glial morphology (Kim et al., 2008b; Tawk et al., 2007), bright mCherry+ nuclei
were positioned at the lumen of the neural tube and displayed Gfap+ radial fibers extending
toward the basal membrane (Fig. 1; compare Fig. 1A,D,G). In addition, labeling of Blbp
identified discrete populations of astroglia in the dorsal-most and ventral-most regions of the
neural tube as well as in direct contact with the lumen of the spinal cord (Supp. Info. Fig.
2A–F′). Low levels of Blbp expression first appeared at 24 hpf, earlier than previously
reported (Kim et al., 2008a), and this expression quickly intensified over time reminiscent of
gfap:nls-mCherry transgene expression (Supp. Info. Fig. 2A–F′). Interestingly, while all of
the dorsal and ventricular zone Blbp+ cells coexpress gfap:nls-mcherry, the vast majority of
Blbp+ nuclei ventral to the neurocoel were negative for nls-mCherry+ expression (Fig. 1J–
M; See also Fig. 6M–N′, dotted lines).
Lastly, at 48 and 72 hpf we did observe dimly expressing nls-mCherry+ cells outside of the
neural tube lumen that lacked anti-Gfap labeling (Fig. 1D,E; data not shown). These dim
mCherry+ cells may be differentiated progeny that retained fluorescence from the
originating gfap+ progenitors, akin to observations made in the related gfap:eGFPmi2001 line
(Bernardos and Raymond, 2006; Kim et al., 2008a). We conclude that the gfap:nls-mCherry
line accurately labels radial glial cells throughout development of the embryonic spinal cord,
and propose that the retention of mCherry fluorescence can serve as a shortterm lineage
tracer for cells derived from gfap+ progenitor cells.

Author Manuscript

Gfap+ Radial Glia Represent the Largest Pool of NSCs in the Embryonic Zebrafish Spinal
Cord
To better define whether the radial glia identified by the tg(gfap:nls-mCherry) line are NSCs,
we examined colocalization of mCherry and anti-Gfap labeling with two known NSC
markers, nestin and Sox2 (Hockfield and McKay, 1985; Lam et al., 2009). The tg(,
−3.9nestin:GFP) line has been repeatedly used to study nestin expressing NSCs in the adult
zebrafish brain (Lam et al., 2009); however, its expression pattern in the embryo has not
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been well characterized. We show here that at 24 hpf, a majority of nestin:GFP+ cells
throughout the neural tube coexpressed gfap-driven mCherry+ nuclei (Fig. 2A). By later
time points, nearly all nestin:GFP+ cells emanating from the ventricular surface displayed
mCherry+ nuclei and typical anti-Gfap+ radial morphology (Fig. 2B,C). We additionally
observed GFP/mCherry double positive cells that lacked expression of endogenous Gfap
protein and radial morphology located in regions either away from the lumen or along the
floorplate (Fig. 2C, arrowheads). This nestin:GFP+/mCherry+, nonradial glial population
increased in number between 48 and 72 hpf (48 hpf, average number of cells in ventral SC/
floor plate = 0.73 ± 0.21 per section; 72 hpf ventral avg. = 2 ± 0.35 per section; P < 0.004).
Taken together, these data demonstrate that the tg(−3.9nestin:GFP) and tg(gfap:nlsmCherry) lines identify the same neural progenitor populations during embryonic neural
development in zebrafish.
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Sox2 is an essential factor for neural progenitor fate maintenance and development in
embryonic and adult neural tissues, and its expression is actively downregulated upon
differentiation (Graham et al., 2003; Okuda et al., 2010; Schmidt et al., 2013). Similar to
previous reports, we documented Sox2+ cells became progressively restricted to the
ventricular zone over time, which correlated with the natural regression of the lumen into the
central canal (Fig. 2D–F) (Hudish et al., 2013). The total number of Sox2+ cells remained
constant between 24 and 48 hpf (24 hpf avg. = 51.57 ± 2.4; 48 hpf avg. = 55.67 ± 1.02; P =
0.121); however, this population significantly decreased by 72 hpf (avg. = 36.07 ± 1.13; P
<0.0001) (Fig. 2G). Between 24 and 48 hpf, 90% of Sox2+ nuclei colabeled with mCherry+
nuclei from the tg(gfap:nls-mCherry) line (24 hpf avg. = 46.47 ± 2.16, n = 1,394/1,547
nuclei; 48 hpf avg. = 51.07 ± 1.01, n = 1,532/1,670 nuclei; P = 0.06) (Fig. 2H), yet by 72 hpf
this colabeling declined to 85% of the total Sox2 population (avg. = 30.63 ± 1.12; n =
919/1,082 nuclei; P < 0.0001) (Fig. 2H). The Sox2/nls-mCherry double positive cell
population was consistently present at the lumen and displayed characteristic radial glial
morphology as defined by anti-Gfap labeling (Fig. 2D–F). Importantly, the remaining 10–
15% fraction of Sox2+ nuclei devoid of nls-mCherry labeling also lacked radial glial
morphology, and were predominantly found clustered together in the ventral portion of the
spinal cord (dorsally opposed to the lateral floorplate cells) (Fig. 2D′–F″, H gray portion of
graph). The timing and location of these Sox2+ cells lacking nls-mCherry are reminiscent of
the Blbp+/mCherry-negative population described above; however, appropriate antibodies
for use in zebrafish tissue were not available to test directly whether Sox2+ cells coexpress
Blbp.

Author Manuscript

To assess whether Sox2+ cells are actively proliferating, we conducted a BrdU chase
experiment from 24 to 48 hpf and 48 to 72 hpf. We discovered that both gfap-positive and negative populations of Sox2-expressing cells were actively cycling during both time
periods, albeit at different rates (Fig. 2I–K). While 64% of the Sox2/nls-mCherry double
positive population incorporated BrdU between 24 and 48 hpf, only 33% of the Sox2+/nlsmCherry negative population was BrdU+ during that time (Fig. 2). The rate of BrdU
incorporation had dramatically decreased in both populations between 48 and 72 hpf
(Sox2+/nls-mCherry+ = 4%; Sox2+/mCherry neg. = 2%; P < 0.0001), coincident with the
cessation of embryonic neurogenesis.
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These results taken together suggest that nearly all cells constituting the embryonic NSC
population, as defined by nestin and Sox2, exhibit markers characteristic of the radial glial
lineage (gfap and Blbp) with the exception of a subset population of ventrally positioned
progenitor cells that lack gfap:nls-mCherry expression but are positive for Sox2 and/or Blbp.
Radial Glial-Derived Lineages Are Confirmed Through Fate Mapping
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We next sought to determine whether gfap+ radial glia act as the NSC population for
specific subsets of neurons and glia in the developing spinal cord. The mCherry protein in
zebrafish is stable for more than 24 h (Boniface et al., 2009; Moro et al., 2012), and thus any
cell type derived from a dividing radial glial cell should retain some portion of nuclear
mCherry fluorescence. We first assessed whether sensory or motorneurons were derived
from gfap+ radial glia by labeling with anti-ISL (Appel et al., 1995; Hutchinson and Eisen,
2006; Song et al., 2004). At 30 hpf, 64% of ISL+ motorneurons were mCherry+ (n = 62/97
cells), whereas Rohon Beard sensory neurons (RB) were completely absent for mCherry
labeling (n = 0/26 cells) (Fig. 3A,C). To further delineate specific motorneuron types, we
crossed the gfap:nls-mCherry line with either mnx1:eGFP to label primary motorneurons or
gata2:eGFP for secondary motorneurons (Flanagan-Steet et al., 2005; Meng et al., 1997;
Seredick et al., 2012). We detected that only a small fraction of mnx1+ neurons retain
nuclear localized mCherry; approximately 9% at 18 hpf (n = 5/53 cells) and 3.8% by 24 hpf
(n = 44/1,191 cells) (Fig. 3C). The timing and relative position of these mnx1/gfap:nlsmCherry double positive cells is consistent with that of primary motorneurons; however,
morphologically these neurons resembled secondary motorneurons or VeLD interneurons
that also express mnx1 (Seredick et al., 2012). In contrast, using the gata2 transgenic
reporter line for secondary MNs, we found that 63% of gata2+ neurons coexpressed nlsmCherry by 36 hpf (n = 283/450 cells) that increased to 73% by 48 hpf (n = 790/1,080 cells;
P < 0.0001) (Fig. 3B,C). Together, these experiments illustrate that Gfap+ radial glia likely
generate secondary MNs, but not primary MNs.
Examination of GABA+ interneurons showed 67% of CoSA interneurons retained nlsmCherry labeling in their nuclei (C, n = 76/114 cells), which corroborates our previous
study suggesting a lineage relationship between CoSA interneurons and radial glia (Johnson
et al., 2014). Interestingly, we also identified a subpopulation of VeLD interneurons that
were nls-mCherry+ (V, 23%, n = 8/35 cells) (Fig. 3D,E), which is a connection to radial glia
not previously reported and could account for the small percentage of mnx1/nls-mCherry
positive cells described earlier. Neither DoLA (D) nor KA (K) interneurons exhibited nlsmCherry labeling at 30 hpf (D n = 0/12 cells; K n = 0/38 cells) (Fig. 3D,E).
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Lastly, we crossed tg(gfap:nls-mCherry) with tg(olig2: eGFP) to discern whether radial glia
were required for oligodendrocyte development. At the onset of olig2 expression within the
ventral spinal cord at 24 hpf, 66% of ventral olig2+ cells retained nls-mCherry expression in
their nucleus (n = 459/696 cells) (Fig. 3F,H), which significantly increased to 93% by 48 hpf
(n = 161/173 cells; P < 0.0001) and 95% by 72 hpf (n = 154/161 cells; P < 0.0001) (Fig.
3G,H). As progenitors residing in the ventral Olig2+ domain are largely responsible for
generating oligodendrocyte progenitor cells (OPCs) and oligodendrocytes in the dorsal
neural tube, we next assessed whether these cellular populations were positive for gfap-
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derived nls-mCherry. In the dorsal neural tube, 47% of migrating OPCs were positive for
mCherry labeling at 48 hpf (n = 7/15 cells), which increased dramatically to 93% by 72 hpf
(n = 14/15 cells) (Fig. 3G, asterisks, H). Taken together, these data demonstrate that a
majority of secondary motorneurons, CoSA and VeLD interneurons, and oligodendroglia are
derived from gfap+ radial glia. Although this fate mapping approach suggests a lineage link
from radial glia to subtypes of neuronal and glial cells, it does not conclusively demonstrate
that these differentiated cell types require radial glial for their derivation.
Robust Radial Glial Ablation Can Be Induced in the Spinal Cord by Late Neurogenesis
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Several studies have attempted to eliminate embryonic astroglial cells to elucidate their
definitive roles in forebrain neurogenesis or corticospinal tract formation (Cui et al., 2001;
Delaney et al., 1996; Khurgel et al., 1996; Morshead et al., 2003; Pippenger et al., 1990).
However, these approaches were limited in dosage, spatial restrictions, and/or only targeted
small subsets of astrocytes. To directly test the requirement of astroglia for development of
the embryonic CNS, we attempted to induce cell death of gfap-expressing cells using the
nitroreductase (NTR) ablation system. This approach has been used successfully to induce
ablation of specific cells in the pancreas (Curado et al., 2007, 2008; Pisharath et al., 2007).
We generated two stable lines (tg(gfap:nfsb-mCherry) sc059 and tg(gfap:nfsb-mCherry)sc129)
in which the 7.4 kb zebrafish gfap promoter (5′ UTR, Exon1 and Intron1; Bernardos and
Raymond, 2006) drives expression of the E. coli nfsB gene fused with mCherry (Supp. Info.
Figs. 2A and 3). We sought to test whether the specific expression of the NTR enzyme in
gfap+ radial glia would lead to cell autonomous conversion of the prodrug Mtz into a
cytotoxin to induce radial glial ablation.

Author Manuscript

Both nfsb059 and nfsb129 lines exhibit restricted expression patterns of mCherry within the
CNS; however, the nfsb129 allele is expressed 2 h earlier than the nfsb059 allele expression.
To confirm faithful reproduction of gfap expression, we crossed respective alleles with
tg(gfap:eGFPmi2001) and observed full colocalization of NTR-mCherry and GFP protein
within the spinal cord at 24 hpf that persisted in adult tissues (Supp. Info. Fig. 3J–L; adult
expression for nfsb129 not shown).

Author Manuscript

To assess specific effects of radial glial cell ablation, we treated tg(gfap:nfsb-mCherry)
embryos at 8 hpf (corresponding with onset of their expression) with vehicle control or Mtz
until 24, 48, or 72 hpf. The dosage of Mtz selected (10 mM) is the highest concentration that
can be used in zebrafish without inducing nonspecific cytotoxic effects (Curado et al., 2008;
Mathias et al., 2014). No change in overall gross morphology was seen at 24 hpf (Fig.
4A,D); however, dorsal curving of the trunk was observed in tg(gfap:nfsb-mCherry)
embryos treated with Mtz from 8 to 48 and 8 to 72 hpf (Fig. 4B–F). The timing of
morphological changes in Mtz-treated embryos correlated with visible changes in NTRmCherry expression. NTR-mCherry expression was uniform in both 24 hpf groups, with
more prominent fluorescence in the anterior spinal cord (somite 11) when compared with the
more posterior regions (somite 26) (Supp. Info. Fig. 4A,D; insets). However, by 48 hpf
NTR-mCherry+ expression in Mtz-treated embryos was reduced and appeared fragmented
when compared with controls, which were phenotypes that increased in severity by 72 hpf
(Supp. Info. Fig. 4B,E,C,F, insets). At later time points, Mtz treatment showed the
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prevalence of dense NTR-mCherry+ clusters restricted to the dorsal regions of the spinal
cord (Supp. Info. Fig. 4F, insets). Both alleles demonstrated similar gross morphology and
NTR-mCherry expression (nfsbsc059 shown in Fig. 4, nfsb129 not shown).
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Author Manuscript

To confirm Mtz treatment was inducing apoptotic cell death of radial glia, we assayed
gfap:nfsb-mCherrysc059 and gfap:nfsb-mCherrysc129 embryos with the apoptotic markers
antiactivated caspase-3 and Annexin-V following treatment with Mtz or vehicle control (Fig.
4G). To control for nonspecific cell death due to Mtz, we additionally treated tg(gfap:
eGFPmi2001) embryos and similarly assayed for apoptotic markers (Fig. 4H). Little to no cell
death was evident in our vehicle control or tg(gfap:eGFP) control lines throughout the time
course (Fig. 4G upper row, H, data not shown). In contrast, significant anti-activated
caspase-3 labeling was seen in tg(gfap:nfsb-mCherrysc129) embryos as early as 36 hpf,
which colocalized with fragmented NTR-mCherry expression (Fig. 4G, lower row).
Distinctively, anti-activated caspase-3 labeling was present significantly later in development
in the gfap:nfsb-mCherry sc059 allele (42 hpf; data not shown), which may be reflective of
the 2-h difference in the timing of initial NTRmCherry expression between the two lines
(Supp. Info. Fig. 3). Clusters of NTR-mCherry+, caspase-3+ debris were consistently
observed in the dorsal spinal cord in both alleles (Fig. 4G, t54, t60, arrowheads; nfsb059 not
shown), suggesting that both lines induce a similar pattern of robust radial glial ablation over
the course of neurogenesis. We further correlated these findings by visualizing the cell death
process with an Annexin-V-YFP reporter system to mark the membrane of apoptotic cells in
the live embryo (van Ham et al., 2010). No change in mosaic YFP-labeling was observed
between treatment groups at 28 hpf (Fig. 4I,K); however, YFP labeling significantly
increased in Mtz-treated embryos throughout the neural tube during the course of the
experiment (Fig. 4J,L). In addition, we observed that fragmentation of NTR-mCherry+
radial glial cells preceded YFP labeling and cellular debris was cleared in ~72 min (Fig. 4M;
Movie 1). Our results suggest that gfap-driven expression of NTR is effective at inducing
apoptotic cell death in radial glia of Mtz-treated embryos as early as 36 hpf, and that this
death is somehow actively cleared away.

Author Manuscript

Peripheral macrophages and microglia are capable of clearing away apoptotic debris
following injury as early as 72 hpf in the zebrafish CNS (Svahn et al., 2013, 2014; van Ham
et al., 2014). Examination of macrophages and microglia in double transgenic tg(pU1:GFP;
gfap:nfsb-mCherrysc059) embryos (Herbomel et al., 1999; Rhodes et al., 2005) showed that
GFP+ microglia, but not macrophages, were present within the spinal cord following Mtz
treatment (Fig. 5). While macrophages were only present on the periphery of the spinal cord,
most microglial cells directly overlapped with concentrated clusters of NTR-mCherry
fragments (Fig. 5B–B″; Movie 2). Moreover, using the macrophage-specific reporter line,
tg(mpeg:GFP) (Ellett et al., 2011), no morphologically distinguishable mpeg:GFP+
macrophages were seen following ablation by 72 hpf (Fig. 5C,D). Although, we did observe
NTR-mCherry+ cell fragments that were faintly colocalized with mpeg:GFP expression
following Mtz treatment (Fig. 5D–D″). In addition, knockdown of spi1b/pU1 to prevent
myeloid precursor differentiation prior to Mtz-induced radial glial cell death (Rhodes et al.,
2005) resulted in the failure of NTR-mCherry debris clearance from Mtz-treated
tg(pU1:GFP;gfap:nfsb-mCherrysc059) embryos when compared with control morphants (Fig.
5E–H). Interestingly, spi1b morphants also exhibited coexpression of pU1:GFP with NTRGlia. Author manuscript; available in PMC 2017 January 01.
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mCherry fragments. Radial glial cells have been shown to express the macrophage/
microglial marker ED-1 following spinal cord injury in mice (Wu et al., 2005). Thus, we
interpret these results to suggest that microglia, but not macrophages, are actively involved
in the clearance of radial glia, but that myeloid markers (like mpeg and pU1) may become
active in radial glia in response to ablation.

Author Manuscript

With a working tool to induce robust radial glial ablation throughout the CNS, we can now
conclusively delineate the contributions of Gfap+ astroglia to neural development. Although
this investigation is focused on testing the role that radial glia play as a stem cell, much
research on astroglial development has illustrated diverse roles in the formation of the BBB,
neuronal and axon pathfinding, and CNS homeostasis (Ribatti et al., 2006; Sild and
Ruthazer, 2011). Gfap-induced ablation did cause progressive hemorrhaging throughout the
brain (Fig. 4B–F, insets; 29% by 48 hpf; 48% by 72 hpf), potentially supporting a role for
radial glia in the development and function of the cerebral vasculature. In addition, we did
observe a progressive disorganization of axonal patterns in the spinal cord over time that
correlated with areas devoid of radial glia or regions adjacent to dying mCherry+ cells
(Supp. Info. Fig. 5). Based on this breakdown in the pattern of neural circuits, Mtz-treated
gfap:nsfb-mCherry sc059 larvae also predictably caused functional defects in behavioral
responses (Granato et al., 1996; Saint-Amant and Drapeau, 1998), such as, a significantly
decreased responsiveness to touch, supernumerary C-bends, diminished linear velocity, and
prolonged overall responses (Supp. Info. Fig. 6; Movies 6–8). These data suggest potentially
important roles for astroglia in supporting the BBB, axon organization, and proper
swimming behavior; however, a more comprehensive characterization of these relationships
is merited.
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Dynamic Changes in NSC Markers and Proliferative Responses Follow Radial Glial
Ablation

Author Manuscript

We determined that radial glial cells serve as a major stem/progenitor population during
development. Consistent with our previous observations, the nestin:GFP and gfap:nfsBmCherry transgenes are coexpressed in the same cellular populations at all time points (Fig.
6A–F). We observed no changes in nestin and Sox2-positive cell populations at 24 hpf (Fig.
6A,D,G,J). Whereas after signs of induced ablation (36 hpf; see Fig. 4), we observed
significant losses in both the nestin+ and Sox2+ cell populations throughout the neural tube
at 48 hpf (Fig. 6B,E,H,K) which increased in severity by 72 hpf (Fig. 6C,F,I,L). Within the
nestin+ population, GFP+ cells appeared fragmented and consistently coexpressed with
blebbing NTR-mCherry+ debris by 48 and 72 hpf (Fig. 6E,F), suggesting near complete loss
of the nestin+ population (Fig. 6F). Pertaining to Sox2+ NSCs, we observed a 17%
reduction in Sox2+ cells at 48 hpf when compared with control (Control avg. = 37.36
± 1.16, n = 13; Mtz avg. = 31.2 ± 1.58, n = 13; P < 0.0006) (Fig. 6H,K), which continued to
decline to 51% by 72 hpf (Control avg. = 25.27 ± 1.43, n = 15; Mtz avg. = 12.27 ± 0.93, n =
15; P < 0.0001) (Fig. 6I,L).
Interestingly, we did observe that a persistent, small portion of NTR-mCherry negative cells
were retained in the ventral spinal cord of both control and Mtz-treated samples and that
they were positive for Blbp and Sox2. Following the loss of gfap+ radial glia, a disorganized
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and qualitatively expanded population of Blbp+/NTR-mCherry negative cells was present
only within the ventral spinal cord (Fig. 6M–P′), supporting our previously shown data (Fig.
1J–M) of a molecularly distinct Blbp+/gfap negative population. Additionally, we continued
to observe the presence of Sox2+/NTR-mCherry negative cells dorsally opposed to the
lateral floorplate cells following ablation (Fig. 6K,L arrowheads). These results combined
with our expression analysis (Fig. 1J–N; Fig. 2D′–F″) strongly support the presence of a
molecularly distinct subpopulation of gfap negative NSCs, and exemplifies the autonomy of
our gfap:nfsB-mCherry ablation system to gfap-expressing cells.
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We reasoned that loss of a major stem/progenitor population would also cause reductions in
overall proliferation in the neural tube, and to test this we treated embryos briefly with the Sphase marker BrdU. No detectable differences in BrdU+ nuclei were observed in whole
mount embryos prior to ablation; however, there was a substantial loss in BrdU+ nuclei
following ablation that persisted until 72 hpf (Supp. Info. Fig. 7). Importantly, we also
detected several instances of elongated BrdU+ nuclei appearing to straddle the Gfap+ border
in our images that often obscured our counts (Supp. Info. Fig. 7B′,C′,E′,F′, arrowheads). In
order to spatially resolve spinal cord nuclei from nuclei surrounding the neural tube, we
examined whether any changes in BrdU number were more evident in cross section.
Consistently, no change in BrdU+ nuclei was observed between vehicle control and Mtztreated embryos until ablation had occurred (24 hpf P < 0.794; 48 hpf Control avg. = 5.07
± 0.35, n = 19; Mtz avg. = 1.35 ± 0.29, n = 16; P < 0.0001) (Fig. 7A–F,I), supporting our
hypothesis that radial glia represent the major proliferative NSC/progenitor population in the
spinal cord. At later time points, the number of BrdU+ nuclei declined in control embryos to
levels seen in Mtz-treated embryos (72 hpf P = 0.590; 96 hpf P = 0.093) (Fig. 7C,D,G,H,I),
suggesting that a small population of proliferative cells are unaffected by radial glial
ablation. To confirm whether the persistent BrdU+ cells represented a population of NSCs/
progenitors resistant to radial glial ablation, we labeled proliferative cells for Sox2
expression. We found that the number of Sox2+/NTR-mCherry+ cells coexpressing BrdU
significantly declined following ablation (Control avg. = 2.6 ± 0.41; Mtz avg. = 0.47 ± 0.29;
P < 0.001) (Fig. 7M), which was not recovered over time (72 hpf P = 0.314; 96 hpf: Control
avg. = 0.8 ± 0.3; Mtz avg. = 0; P < 0.01) (Fig. 7K–M). In contrast, the fraction of Sox2+/
NTR-mCherry negative cells that retained BrdU labeling remained unchanged (P > 0.3) until
96 hpf, when a modest yet significant increase in proliferative response in Sox2+/NTRmCherry negative cells was observed (Control avg. = 0.2 ± 0.14; Mtz avg. = 0.93 ± 0.32; P <
0.05) (Fig. 7K′–L″,N). This late proliferative response is surprising, as no change in total
BrdU incorporation is detected between control and Mtz-treated embryos at 96 hpf (P =
0.093), and suggests that this change may reveal a shift in stem cell potential in reaction to
loss of the radial glial NSC population.
Following ablation, we consistently noticed an increase in the number of BrdU+ cells
outside of the spinal cord (Fig. 7A′–H′ white asterisks) and extending past the Gfap+ pial
surface (Fig. 7F–H arrowheads, J; Supp. Info. Fig. 8B,C). These BrdU+ nuclei were
characterized by an elongated morphology whose volume measured an average of two times
larger than nuclei found within the spinal cord in control or Mtz-treated embryos (Supp.
Info. Fig. 8A–C; Movies 3–5). In control embryos, the number of BrdU+ elongated nuclei
alongside the Gfap+ border of the spinal cord decreased over time by 96 hpf. However, at
Glia. Author manuscript; available in PMC 2017 January 01.
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the onset of ablation there was a modest but significant increase in the number of elongated
BrdU+ nuclei contacting the outer border of the spinal cord in Mtz-treated embryos at 48 hpf
when compared with vehicle control (Control avg. = 2.86 ± 0.31, n = 14; Mtz avg. = 4.36
± 0.14, n = 11; P < 0.0001), and this increase remained constant in Mtz-treated embryos
throughout the duration of the experiment (P > 0.594). Importantly the larger, elongated
BrdU+ nuclei observed spanning the spinal cord boundary were typically found in locations
correlating with reductions in anti-Gfap-labeled radial glial fibers and end-feet (Fig. 7F′–H′
arrowheads, F′ outlined example in Supp. Info. Fig. 8C), supporting previous studies
suggesting that Gfap+ radial glial end-feet act as a restrictive boundary (Lee and Song,
2013; McDermott et al., 2005) that may prevent the passage of proliferative, non-neural cells
into the spinal cord.
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In an attempt to identify the cycling cell types seen in our analysis we conducted a candidate
approach assaying for cell types known to persist outside and/or interact with the neural tube
during zebrafish development. To do so, we repeated our BrdU treatments on vehicle control
or Mtz-treated tg(gfap:nfsB-mCherry) embryos that were double transgenic for either
macrophages (pu1:eGFP), neural crest or Schwann cells (sox10:eGFP; (Kucenas et al.,
2008, 2009), or perineurial glia (nkx2.2:eGFP; Kucenas et al., 2008). Although we did
observe a total of two BrdU+ nuclei that expressed the pu1:eGFP+ transgene (2/53 BrdU+
nuclei), all the remaining BrdU+ nuclei in the spinal cord on its border and on the motor
axon were negative for all three reporters (0/21 sox10:eGFP and 0/33 nkx2.2:eGFP BrdU+
nuclei; data not shown). These results suggest that there is an as yet unidentified population
of cycling border cells that respond early to ablation.
Radial Glia Are Required for Late-Born Neuronal and Glial Populations
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Using this tg(gfap:nfsb-mCherry) transgenic system for radial glial ablation, we can now
directly test whether radial glia are required for the specific cell lineages that we have
identified to be derived from radial glia (Fig. 3): CoSA and VeLD interneurons, secondary
motorneurons, and oligodendroglia. In all cases, there was no significant change in the
cellular populations assayed between control or Mtz-treated embryos prior to ablation (Fig.
8, P > 0.05). As a majority of CoSA and VeLD interneurons are born prior to 48 hpf, we
assayed for these populations in the gfap:nfsbsc129 allele due to its early onset of radial glial
ablation. Over the course of ablation, we observed a 21% reduction in CoSA interneurons in
Mtz-treated embryos at 36 hpf (Control avg. = 31.9 ± 0.95, n = 10; Mtz avg. = 27.4 ± 1.23, n
= 16; P < 0.02), which declined to 41% by 48 hpf when compared with the control (Control
avg. = 36.36 ± 1.65, n = 14; Mtz avg. = 20.5 ± 1.63, n = 14; P < 0.0001) (Fig. 8A–C). No
significant changes in DoLA, VeLD, or KA interneuron populations were observed or
quantified between treatment groups at any age assayed (P > 0.05). Complementary analysis
using the nfsbsc059 allele yielded no change in any interneuronal population throughout
ablation (data not shown), suggesting that the CoSA and VeLD lineages may depend on
radial glial derivation prior to 40 and 36 hpf, respectively. Investigations of secondary
motorneurons using gata2:eGFP crossed with the gfap:nfsb059 allele identified a 41%
reduction in the number of gata2+ motorneurons at 48 hpf following radial glial ablation
(Control avg. = 189.8 ± 3.39, n = 42; Mtz avg. = 112.3 ± 6.9, n = 31; P < 0.0001) (Fig. 8D–
F). Despite extending the time course to 60 hpf to account for any potential developmental
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delay, we did not observe a statistically significant difference in the reduction of gata2+
motorneurons between the 8–48 and 8–60 hpf treatment groups (P > 0.83) (Fig. 8F). Lastly,
we supported previous observations for a radial glial origin for oligodendroglial populations
by crossing the tg(olig2:eGFP) line with the gfap:nfsb059 allele and assaying for changes in
dorsal migrating OPCs and oligodendrocytes (Kim et al., 2008b; Kirby et al., 2006; Shin et
al., 2003). Following ablation, migratory OPCs were reduced by nearly 80% at 48 hpf in
Mtz-treated embryos when compared with control (Control avg. = 28.71 ± 1.28, n = 28; Mtz
avg. = 6.33 ± 1.1, n = 33; P < 0.0001) (Fig. 8G–I) and a similar ~80% loss of migratory
OPCs in Mtz-treated olig2:eGFP embryos was observed at 72 hpf with no significant
difference when compared with the 48 hpf Mtz-treated group (P > 0.4) (Fig. 8I). In addition,
mature oligodendrocytes were not found within ablated spinal cords by the end of the time
course (data not shown). Furthermore, GFP+ fragments colabeled with NTR-mCherry+
debris in the spinal cord, suggesting that a portion of OPCs were born from radial glia and
retained NTR-mCherry prior to cell death induction. The sum of these ablation studies
provides the first direct evidence to demonstrate that Gfap+ radial glia serve as a required
neural stem/progenitor population for later-born neuronal and glial populations during spinal
cord development.

Discussion
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The neurogenic potential of radial glia has only recently been realized (Bentivoglio and
Mazzarello, 1999; Kriegstein and Alvarez-Buylla, 2009), and little to no research has been
done to directly test the requirement of radial glia to function as a stem cell during CNS
development. In this study, we generated and characterized two novel transgenic lines to
define the direct involvement of Gfap+ radial glia in spinal cord development. These tools
allowed us to confirm a stem-like role for gfap+ radial glia as well as identify the existence
of a small population of gfap-negative, Sox2+ and/or Blbp+ progenitor cells that are reactive
to radial glial cell death. Further, we have defined Gfap+ radial glia as the necessary parent
population for later-born CoSA and VeLD interneurons, secondary motorneurons, and
oligodendroglia.
Gfap+ Radial Glia Constitute the Major NSC Population in the Developing Spinal Cord
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Radial glia are proposed to function as multipotent progenitors in the developing and adult
CNS (Anthony et al., 2004; Malatesta et al., 2000; Noctor et al., 2002; reviewed in Ihrie and
Alvarez-Buylla, 2008; Pinto and Gotz, 2007). Fate mapping studies in mouse using
mammalian promoters of Gfap and Blbp paired with Cre-mediated lineage tracing
approaches have suggested that radial glia are capable of contributing to a majority of
neuronal cell types and oligodendrocytes throughout the CNS (Anthony et al., 2004; Casper
and McCarthy, 2006; Malatesta et al., 2003). However, owing to differences in the
spatiotemporal expression pattern of the promoters used in these studies, a conclusive
understanding of derivation dependence on gfap-expressing radial glia is uncertain (Casper
and McCarthy, 2006). The simple system of the zebrafish spinal cord presents an
opportunity to precisely delineate the lineages that require radial glia for their derivation. To
better define the roles that gfap+ radial glial cells play as stem cells in the zebrafish spinal
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cord, we investigated the coexpression of other known radial glial and NSC markers, their
proliferative capacity, and their neurogenic/gliogenic potential.
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Labeling for nestin and Sox2, two neural stem/progenitor markers, demonstrated that a
majority of NSCs in the spinal cord are Gfap-expressing radial glial cells positioned along
the lumen throughout embryonic neurogenesis (Figs. 1 and 2) (Graham et al., 2003; Okuda
et al., 2010). Nestin has been suggested to be both a neuroepithelial and early radial glial
marker, and this study further supports that nestin and gfap are retained within the same
populations throughout the spinal cord. In contrast, labeling for Sox2 and the radial glial
subtype marker, Blbp, has broadened our understanding of the number of distinct NSC
populations within the embryonic zebrafish spinal cord. This study identified at least four
different progenitor populations: gfap+/nestin+/Sox2+ NSCs, Blbp+/gfap+ cells of the roof
plate and dorsal ventricular zone, a ventral midline population of Blbp+/gfap negative
progenitors, and a small pool of Sox2+/gfap negative progenitors. Some cells were seen
expressing gfap without additional neural stem markers, yet we showed that a vast majority
of these were differentiated neuronal or glial cell populations that retained mCherry
expression (Fig. 3). Despite this likelihood, we cannot rule out that further subdivision of
gfap+ cells may be possible with additional radial glial markers, many of which are
characterized in mouse development but currently lacking for zebrafish development (Marz
et al., 2010). Characterization of new stem cell markers and transgenic reporter lines
combined with the tools presented in this article will provide a comprehensive approach to
identifying distinct radial glial and stem cell populations along with their contributions to
CNS development.
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Previous findings from our lab and others illustrated that failure to maintain Gfap+
progenitor cells reduced both secondary motorneuron and oligodendrocyte populations from
the pMN domain of the ventral spinal cord (Kim and Dorsky, 2011), as well as the more
dorsally localized CoSA interneurons (Barresi et al., 2010; Johnson et al., 2014). In this
study, we have used a combination of genetic ablation and fate mapping approaches to
conclusively show that Gfap+ radial glia give rise to a majority of these populations in the
zebrafish spinal cord. The most notable difference was the unique identification of a small
population of VeLD interneurons by fate mapping, which we previously reported to be
unperturbed following radial glial mitotic arrest (Johnson et al., 2014) or unaltered following
radial glial ablation here in this study. We hypothesize that this astroglial-dependent subset
of VeLD interneurons is related to other radial glial-derived pMN cells (motorneurons and
oligodendroglia), as subsets of VeLD interneurons are known to express shared genes (lim3,
mnx1) with primary and secondary motorneurons located in the pMN domain (Appel et al.,
1995; Park et al., 2004; Seredick et al., 2012).
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Novel Insights Revealed in Response to Radial Glial Ablation
The most direct way to test the requirement of a cell type in the development of a given
tissue is to remove that cell type and assess its impact on the system. Recently, a new study
in zebrafish utilizing a gfap:Gal4/UAS:nitroreductase system was able to induce radial glial
cell death in the adult zebrafish brain (Shimizu et al., 2015). While this system was restricted
to the telencephalon and the focus of the study on adult neurogenesis, it nonetheless
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demonstrated a novel approach to specifically ablate the radial glial population in zebrafish.
To evaluate the role radial glial cells play in neural development, we utilized a similar
method for radial glial-specific cytotoxicity. Not only did this technique robustly eradicate
gfap+, nestin+ radial glial cells throughout the spinal cord, it also yielded novel responses
made by endogenous populations in and surrounding the neural tube. In the ventral spinal
cord, we observed an expansion of Blbp+/gfap negative cells as well as a shift in the Sox2+/
gfap negative NSC population from quiescence to actively cycling, which suggests that these
populations are responsive to ablation-induced injury. It is likely that these Blbp+ and Sox2+
cells are labeling the same population of progenitors, and as new reagents become available
that target these specific proteins this hypothesis can be tested directly. A potentially
analogous situation occurs following acute injury in zebrafish, wherein an expansion of
proliferating progenitor cells and increased Sox2 expression precedes reconnection of the
severed tissue and regeneration of lost neurons and glia (Briona and Dorsky, 2014; Briona et
al., 2015; Goldshmit et al., 2012). A similar behavioral response by Sox2+/gfap negative
cells raises many new questions about their cellular identity and the level of potency these
cells hold for the generation of new neurons and glial cells over time. Further, we detected
the presence of microglial cells actively engulfing mCherry+ debris in the spinal cord earlier
than the normal ontogeny reported for microglia (Fig. 5; Herbomel et al., 1999, 2001). This
finding paired with a similar indication of a microglial response to neuronal induced death at
3 dpf (van Ham et al., 2014) supports a mechanism for the capacity of microglia to respond
to injury.
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Often, a proliferative response follows injury in the CNS and other tissues as part of the
repair mechanism (Briona and Dorsky, 2014; Curado et al., 2008; Goldshmit et al., 2012). In
this study, we observed a disproportional increase of elongated BrdU+ nuclei interacting
with and spanning the border between the spinal cord and peripheral tissues (Fig. 7; Supp.
Info. Figs. 7 and 8). There was a clear correlation in the location of elongated BrdU+ nuclei
spanning the spinal cord border at sites of compromised radial glial end-feet, suggesting that
radial glia may serve as an important barrier to prevent cell transport across the spinal cord
boundary. In support of this hypothesis, a companion paper by Smith et al. have examined
the cell types responsible for boundary maintenance in the spinal cord (Smith et al., 2016).
By using our gfap:nfsb-mCherrysc059 ablation line along with oligodendroglial inhibitors,
they revealed that the loss of Gfap+ radial glia allowed peripheral glial cells to cross the
motor exit point and enter the spinal cord. Previous astroglial ablation via irradiation in rats
similarly permitted Schwann cell invasion of the ventral spinal cord due to increased
permeability of the CNS–vasculature interface (Sims et al., 1998). Surprisingly, we found
that none of the suspected peripheral populations (macrophages, Schwann cells, and
perineurial glia) were proliferating at the border or within the spinal cord (data not shown),
suggesting the identification of a novel, peripheral cell type that can respond to astroglial
ablation.
Radial Glia Are Required for the Maintenance of Axonal Pattern and Locomotor Behavior
The classic function of radial glia as a supportive scaffold for migrating neurons and axons
during brain development was largely based upon the direct association of radial glial fibers
with these cellular processes (Hidalgo et al., 1995; Jacobs and Goodman, 1989; Marcus and
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Easter, 1995). We have now tested this using our gfap:nfsB-mCherry transgenic ablation
system, and show that loss of radial glia led to a progressive collapse of axon tract
organization in the spinal cord over time. We also noted that the most severe axon defects
consistently correlated with NTR-mCherry+ fragments and reductions in Gfap+ glial endfeet structures (Supp. Info. Fig. 5, arrowheads). Radial glia have been proposed to be
important for axon pathfinding during commissure formation in the zebrafish forebrain
(Barresi et al., 2005) as well as for longitudinal axon tracts in the developing mouse spinal
cord (reviewed in Barry et al., 2014). Owing to the latency in astroglial ablation, these
tg(gfap:nfsb-mCherry) lines will not enable us to test whether astroglia are required for the
guidance of pioneering axons, but they have demonstrated radial glia are required for the
maintenance of axon tracts. In addition, the amount of axonal projections feeding into the
dorsal longitudinal fasciculus (DLF) was significantly affected, which is in agreement with
the quantified loss of CoSA interneurons (Fig. 8; Supp. Info. Fig. 5). CoSA represent a class
of commissural locomotor neurons that project axons into the DLF in the zebrafish spinal
cord, which are known to be required for left–right rhythmicity in swimming behaviors
(reviewed in Goulding, 2009; Lewis and Eisen, 2003; Martin and Ribera, 2013). Therefore,
we conclude that radial glia are necessary to maintain the organization of neural circuits
throughout embryonic neurogenesis and into larval spinal cord development. We speculate
that the defects in locomotor output are due to deficits in CoSA interneurons; however, we
cannot rule out alternative causes for locomotor deficits. Studying the effects of brain
hemorrhaging on motor output or for direct roles of astroglia in neural transmission at the
synapse represents promising areas for future investigation. The new transgenic lines
introduced here to study radial glial development will prove to offer powerful tools to dissect
many important roles of astroglia in neurogenesis from embryo to adulthood, during BBB
formation, CNS function, and regeneration.
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The gfap:nls-mCherry transgene labels radial glial nuclei. (A–I) Maximum intensity
projections showing cross sections of 24, 48, and 72 hpf gfap:nls-mCherry embryos,
immunolabeled with anti-Gfap (white) for radial glia and Hoechst (blue) for nuclei. (A′, D′,
G′) Magnified, single optical slices of individual cells in the yellow boxed area in A, D, G.
Colored asterisks match nucleus with radial body. (J) Transverse section of a 96 hpf spinal
cord from a gfap:nls-mCherry embryo colabeled for anti-Blbp (green), anti-Gfap (white),
and nuclei (Hoechst, blue). (K–M) Higher magnification of boxed area in K with separated
fluorescent channels (K, all channels; L, mCherry, Gfap, Blbp; M, mCherry and Gfap).
Scale bar in G = 5 μm; scale bar in I = 10 μm.
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gfap+ radial glia coexpress neural stem markers. (A–C) Cross sections of 24, 48, and 72 hpf
double transgenic gfap:nls-mCherry;- 3.9nestin:GFP embryos labeled with anti-Gfap (white)
and anti-GFP to visualize nestin+, gfap+ radial glial populations. (D–F) Cross sections of
24, 48, and 72 hpf gfap:nls-mCherry embryos immunolabeled with anti-Sox2 (green) and
anti-Gfap (white). Scale bar = 10 μm. (D′–E″) Enlarged views of yellow-boxed areas
comparing ventral Sox2+ nuclei in panels D′, E′, F′ with ventral nls-mCherry+ nuclei in
panels D″, E″, F″. Sox2+, mCherry negative nuclei were outlined for clarity. Scale bar = 5
μm (G) Quantification of the total number of Sox2+ cells present at all time points. (H)
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Quantification of the percentage of total Sox2+ nuclei that are nls-mCherry+ (red)
throughout neural development. Numbers above each population represent the total number
of cells assayed per time point. (I) Cross section of a gfap:nls-mCherry embryo treated with
BrdU at 24 hpf, fixed at 48 hpf, and labeled for anti-Sox2 (green) and anti-BrdU (cyan).
Scale bar = 10μm. (I′-I‴) Enlarged view of yellow-boxed area in panel I, with ventral
Sox2+, nls-mCherry negative cells outlined for clarity. Asterisks denote ventral Sox2+/nlsmCherry- cells that are BrdU+. Scale bar = 5μm. (J) Quantification of the percentage of
Sox2+ populations positive for BrdU at all time points. Sox2+/nls-mCherry+ cells are shown
in red, and Sox2+/nls-mCherry negative cells are depicted in white.
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Fate mapping of gfap-expressing radial glia in the spinal cord. (A) Cross section of a 30 hpf
gfap:nls-mCherry embryo immunolabeled with anti-Islet-1 (ISL), showing nls-mCherry is
absent in RB sensory neurons but present in a subpopulation of MNs (asterisks). (B) Cross
section of a 48 hpf gfap:nls-mCherry;gata2:eGFP embryo showing secondary motorneurons
(SMN) expressing GFP. Cells absent for nls-mCherry are denoted (arrowheads). Scale bar =
10 μm. (C) Quantification for the percentage of sensory (RB), total ISL+ MNs, primary
motorneurons (PMN), and secondary motorneurons (SMN) retaining nls-mCherry+ nuclei
(red). (D) Cross section of a 30 hpf gfap:nls-mCherry embryo immunolabeled with antiGABA to identify DoLA (D), CoSA (C), VeLD (V), and KA (K) interneurons. Subset Zstacks and maximum intensity projections were generated for each neuronal population for
clarity. Scale bar = 10 μm. (E) Quantification of the percentage of each interneuron
population expressing nls-mCherry+ nuclei (red) at 30 hpf. (F, G) Cross sections of 24 and
72 hpf double transgenic gfap:nls-mcherry;olig2:eGFP embryos showing ventral Olig2+
populations as well as dorsal OPCs (asterisks). Scale bar = 10 μm. (H) Quantification of the
percentage of ventral Olig2+ cells along with dorsal migrating OPCs that retain nls-mCherry
+ nuclei (red) throughout oligodendroglial development. In all graphs, nls-mCherry negative
cells are depicted in gray, and the numbers below each population represent the total number
of cells assayed.
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Metronidazole (Mtz) treatment induces radial glial cell death during late neurogenesis. (A–
F) Gross morphology of transgenic gfap:nfsb-mCherrysc059 embryos following treatment.
Enlargements comparing brain hemorrhaging compared with control in insets. Scale bar =
100 μm. (G, H) Lateral views of cell death within the spinal cord visualized by
immunolabeling with antiactivated caspase-3. Scale bar = 20 μm. (I–M) Images of live
gfap:nfsb-mCherrysc129 embryos at 28 and 38 hpf expressing secreted Annexin-V YFP
labeling. (M) Example of NTR-mCherry+ cell with radial glial morphology expressing
Annexin-V (YFP) labeling undergoing apoptosis over the course of 72 min.
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FIGURE 5.
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Spinal cord radial glial debris is cleared by microglia. (A–B″) Lateral views of 72 hpf
double transgenic gfap:nfsb-mCherrysc059;- pU1:egfp embryos to depict macrophages
(arrows) and microglia (arrowheads). (C–D″) Lateral views of 72 hpf double transgenic
gfap:nfsb-mCherrysc059;mpeg:eGFP embryo showing the presence of macrophages. (E–F″)
Lateral views of a 72 hpf gfap:nfsb-mCherry sc059;pU1:eGFP embryo injected with control
or spi1b morpholino (spi1b MO). (G) Quantification depicting percent of the total spinal
cord with immune cells present in control (untreated) and Mtz (treated) embryos expressing
either the mpeg or pU1 promoter and injected with spi1b MO. (H) Quantification of the
levels of NTR-mCherry+ expression through average pixel intensity in control embryos and
embryos treated in Mtz that were either uninjected or injected with spi1b MO. Scale bar =
20 μm.
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Radial glial ablation reduces the neural progenitor population. (A–F) Cross sections of 24,
48, and 72 hpf double transgenic gfap:nfsb-mCherrysc059;-3.9nestin:GFP embryos treated
with (A–C) vehicle control or (D–F) Mtz. All sections were immunolabeled with anti-GFP
to enhance the signal of the −3.9nestin:gfp transgene. (G–L) Cross section views of 24, 48,
and 72 hpf gfap:nfsb-mCherrysc059 embryos immunolabeled with anti-Sox2 (green) to
visualize neural stem cell populations following treatment with (G–I) vehicle control or (J–
L) Mtz. Ventral populations not lost following ablation are denoted (arrowheads). (M–P)
Two examples of transverse sections of the spinal cord of 96 hpf gfap:nfsB-mCherry control
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(M, N) and Mtz-treated (O, P) embryos labeled for Blbp (green), Gfap (white), and nuclei
(Hoechst). (M′–P′) mCherry and Blbp channels for the corresponding sections seen in M–P.
A single Blbp+ midline cells can be seen with minute mCherry expression in a small lateral
membrane process (M′ arrowhead); however, more laterally positioned Blbp cells were
consistently negative for mCherry (M′, N′) as was the vast majority of Blbp labeling
following gfap-mediated ablation (O′,P′). Scale bar = 10 μm.
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FIGURE 7.
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Radial glial ablation and its effect on cell proliferation. (A–H′) Cross section views of
proliferative cells within spinal cords of (A–D′) vehicle control and (E–H′) Mtz-treated
embryos throughout neurogenesis visualized by immunolabeling with anti-BrdU (green),
anti-Gfap (white), and Hoechst nuclear dye (blue). (A′–H′) represent the same images in (A–
H) but only showing anti-Gfap and anti-BrdU labeling. BrdU+ nuclei outside of the spinal
cord (white asterisks) or straddling the border (yellow arrowheads) are denoted. Scale bar =
10 μm. (I) Quantification of all BrdU+ populations visualized within the spinal cords
between control (black line) and Mtz (green line) treatment groups. (J) Quantification of all
elongated BrdU+ populations found outside of the spinal cord between vehicle control
(gray) and Mtz (green) treatment groups. (K, L) Cross section views of (K) control and (L)
Mtz-treated embryos immunolabeled for BrdU (cyan) and Sox2 (green) at 96 hpf. Scale bar
= 10 μm. (K′–L″) Enlarged view of ventral Sox2+/NTR-mCherry negative cells (outlined) to
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denote cycling cells within this population (yellow asterisk). Scale bar = 5 μm. (M, N)
Quantification of the two cycling Sox2+ populations present in the spinal cord following
ablation. In all graphs, control averages are depicted in gray and Mtz averages are in black.
Significant increases are depicted as black asterisks, and significant decreases are depicted
as red asterisks.
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FIGURE 8.

Reductions in later-born neurons and glia following radial glial ablation. (A, B) Lateral
views of spinal cords showing interneurons immunolabeled with anti-GABA within control
and Mtz-treated gfap:nfsb-mCherrysc129 embryos and quantified in (C). CoSA interneurons
are highlighted in green. (D, E) Lateral views of secondary motorneurons within control and
Mtz-treated gfap:nfsb-mCherry sc059;gata2:eGFP embryos and quantified in (F). (G, H)
Lateral views of oligodendrocyte progenitor cells (OPCs, yellow asterisks) in control and
Mtz-treated gfap:nfsb-mCherrysc059;olig2:eGFP embryos and quantified in (I). Black
asterisks denoted significance. Scale bar = 50 μm.
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